The undifferentiated spermatogonial population consists of stem and progenitor germ cells which function to provide the foundation for spermatogenesis. The stem cell component, termed spermatogonial stem cells (SSCs), is capable of self-renewal and differentiation. These unique attributes have made them a target for novel technologies to enhance reproductive function in males. With bulls, culture and transplantation of SSCs have the potential to enhance efficiency of cattle production and provide a novel avenue to generate transgenic animals. Isolation of SSCs is an essential component for the development of these techniques. In rodents and non-human primates, undifferentiated spermatogonia and SSCs express the surface marker THY1. The hypothesis tested in this study was that THY1 is a conserved marker of the undifferentiated spermatogonial population in bulls. Flow cytometric analyses showed that the THY1C cell fraction comprises a rare sub-population in testes of pre-pubertal bulls. Immunocytochemical analyses of the isolated THY1C fraction for expression of VASA showed that this cell population is comprised mostly of germ cells. Additionally, expression of the undifferentiated spermatogonial specific transcription factor promyelocytic leukemia zinc finger (PLZF, ZBTB16) protein was found to be enriched in the isolated THY1C testis cell fraction. Lastly, xenogeneic transplantation of bull testis cells into seminiferous tubules of immunodeficient mice resulted in greater than sixfold more colonies from isolated THY1C cells compared to the unselected total testis cell population indicating SSC enrichment. Collectively, these results demonstrate that THY1 is a marker of undifferentiated spermatogonia in testes of pre-pubertal bulls, and isolation of THY1C cells results in their enrichment from the total testis cell population.
Introduction
Spermatogenesis is a highly specialized and productive tissue system producing millions of spermatozoa every day (Sharpe 1994) . Continual production depends on proliferation of the undifferentiated spermatogonial population which consists of type A single (A s ), A paired (A pr ), and A aligned (A al ) spermatogonia. The A s spermatogonia have traditionally been considered the spermatogonial stem cell (SSC) population capable of infinite self-renewal and differentiation which produces A pr followed by A al spermatogonia giving rise to differentiating spermatogonia that are committed to eventual production of spermatozoa (Huckins 1971 , Oakberg 1971 ). Postnatally, gonocytes (i.e. pre-spermatogonia) are the first testicular germ cells and undergo transition into undifferentiated spermatogonia during a defined period of development that varies among species. In mice, this transition occurs between 0 and 6 days post partum (dpp), but in bulls conversion of gonocytes is not complete until 6 months of age (Curtis & Amann 1981) . Thus, during a certain period of development, the germ cell population is a heterogeneous mix of gonocytes and undifferentiated spermatogonia, a population that can be described as primitive spermatogonia. Molecular markers have been used to identify and study undifferentiated spermatogonia and gonocytes. Promyelocytic leukemia zinc finger protein (PLZF) is expressed exclusively by the undifferentiated spermatogonial population in rodents, nonhuman primates, and pigs (Buaas et al. 2004 , Costoya et al. 2004 , Hermann et al. 2007 , Luo et al. 2009 ). Ubiquitin carboxyl-terminal esterase L1 (UCHL1) is a general marker of spermatogonia in the bull (Herrid et al. 2007 ) and boar (Frankenhuis et al. 1982 , Luo et al. 2006 . Additionally, expression of VASA (DDX4) has been localized to several sub-types of spermatogonia in many species including bulls (Bartholomew & Parks 2007) , boars (Lee et al. 2005) , primates (Hermann et al. 2007) , and mice (Toyooka et al. 2000) .
In livestock populations, a majority of genetic gain is made through the male germline. Thus, isolation, culture, and transplantation of SSCs are tools that could enhance the efficiency of food animal production. Maintenance of bovine SSCs in culture would allow for immortalizing the germline of bulls with desirable genetics. Transplanting SSCs from a donor bull into recipient males would present a novel means for efficiently expanding the availability of genetics for specific sires in commercial livestock populations. Additionally, culture and transplantation of bovine SSCs could provide a novel avenue for generation of transgenic livestock. Knowledge of the undifferentiated spermatogonial population in bulls is limited, and the development of SSC applications has been hampered due to inability to isolate these cells from the total testis cell population.
Currently, methods for efficiently culturing and transplanting SSCs are only available for rodents (Brinster & Avarback 1994 , Brinster & Zimmermann 1994 and have yet to be fully established for livestock species, though some initial progress has been made (Dobrinski et al. 2000 , Izadyar et al. 2003 , Oatley et al. 2002 , 2004b , Aponte et al. 2008 . Development of these procedures in rodents has been aided greatly by identification of surface markers expressed by undifferentiated spermatogonia, allowing for isolation of cell fractions enriched for these cells compared to the total testis cell population. For rodents and non-human primates, selection of CD90 or THY1-expressing testis cells results in enrichment of SSCs (Kubota et al. 2003 , Ryu et al. 2004 , Hermann et al. 2009 ). Selection of THY1C cells from testes of adult mice produces an enrichment of O30-fold for SSCs compared to the total testis cell population (Kubota et al. 2003) , and studies by Ryu et al. (2004) revealed that all SSCs in the rat testis are THY1C. Importantly, selection of THY1C cells from testes of rhesus macaques also results in enrichment of SSCs compared to the unselected total testis cell population (Hermann et al. 2009 ). Collectively, these previous studies indicate a conserved phenotype of THY1 expression by SSCs in mammals. To date, expression of THY1 in the germline of any livestock species has not been reported. The objective of the current study was to isolate a testis cell fraction enriched for undifferentiated spermatogonia from the testes of pre-pubertal bulls. To achieve this, the hypothesis tested was that THY1 is a conserved marker of undifferentiated spermatogonia in the bull.
Results
THY1 is expressed by a rare sub-population of spermatogonia in pre-pubertal bull testes
In the testes of adult mice, SSCs are a rare germ cell subpopulation, and selection of cells expressing the surface antigen THY1 results in their enrichment (Brinster & Zimmermann 1994 , Dobrinski et al. 2000 . Here, we examined expression of THY1 in testes of pre-pubertal bulls. Using flow cytometric analyses (FCA), the THY1-expressing cell fraction was determined to represent 0.05G0.01% (nZ3 replicate testis cell preparations from different bulls) of the total testis cell population in pre-pubertal bulls (Fig. 1A) . Immunohistochemistry analysis of cross sections from pre-pubertal bull testes revealed that THY1 expression is localized to spermatogonia along the basement membrane of seminiferous tubules ( Fig. 1B and C) . To determine the germ cell content of the THY1C cell fraction, magnetic cell sorting methodology, MACS, was used to isolate THY1C cells, and this population was examined for expression of the germ cell-specific marker, VASA. These analyses revealed that 84.2G0.7% (nZ2 different cell preparations) of the MACS-isolated THY1C cells were germ cells (Fig. 2) . Collectively, these results suggest that similar to rodents and non-human primates, THY1 is expressed by a rare sub-population of spermatogonia in the testes of pre-pubertal bulls.
Expression of PLZF is localized to a sub-population of spermatogonia within seminiferous tubules of pre-pubertal bulls
Previous studies revealed that UCHL1 is a general marker of type A spermatogonia in the bull testis (Herrid et al. 2007) . In rodents and non-human primates, expression of PLZF (ZBTB16) is localized specifically to undifferentiated spermatogonia including SSCs (Buaas et al. 2004 , Costoya et al. 2004 , Hermann et al. 2007 , Luo et al. 2009 Fig. 3B and F; nZ3 cross sections from different bulls). These results suggested that PLZF expression is restricted to a sub-population of spermatogonia in the pre-pubertal bull testis. To examine this possibility, co-immunofluorescent analysis was conducted for both PLZF and UCHL1. In agreement with our prediction, only a portion of spermatogonia were found to express both PLZF and UCHL1 in the prepubertal bull testis with all PLZFC cells also being UCHL1C ( Fig. 3C and D) . Some seminiferous tubules contained UCHL1C spermatogonia only, whereas other contained both UCHL1C and PLZF/UCHL1C spermatogonia ( Fig. 3F ). These observations demonstrate that PLZF expression is restricted to a subpopulation of spermatogonia in pre-pubertal bull testes which may be SSCs. In consideration of the above Co-immunofluorescence analyses of cells expressing PLZF (green) and UCHL1 (red) in the testes of pre-pubertal bulls. All PLZFC spermatogonia also expressed UCHL1 (yellow/orange stained, arrows), whereas some UCHL1C cells were not PLZFC (red stained only, asterisks). Figure D expression in the THY1C cell fraction compared to the unselected total testis cell population (Fig. 5A ). Additionally, expression of BCL6B, another molecular marker highly expressed by the SSC-enriched THY1C cell fraction in rodents (Oatley et al. 2006 (Oatley et al. , 2007 , was also significantly greater (P%0.001) in THY1C cells compared to the unselected total testis cell population ( Fig. 5B ). Western blot analysis revealed that PLZF protein expression was also significantly (PZ0.05) greater by 8.2G5.0-fold (nZ3 cell populations from different bulls) in the THY1C cell fraction of pre-pubertal bulls compared to the unselected total testis cell population (Fig. 5C and D) . Together, these results indicate that the THY1C cell fraction from pre-pubertal bull testes is enriched for undifferentiated spermatogonia.
The THY1C cell fraction in pre-pubertal bull testes is enriched for germ cells capable of colonizing recipient testes following transplantation Stem cells are defined by a functional ability to colonize and reestablish homeostasis of a tissue system. The only means to unequivocally assess SSC content of an experimental cell population is by transplantation into recipient seminiferous tubules upon which SSCs colonize and reestablish spermatogenesis (Brinster & Avarback 1994 , Brinster & Zimmermann 1994 . Unfortunately, efficient and reproducible SSC transplantation between bulls is not available. However, a xenogeneic transplantation assay in which bovine germ cells are microinjected into seminiferous tubules of recipient immunodeficient mice provides an assessment of possible stem cell content based on the formation of colonies of bovine cells (Dobrinski et al. 2000 , Oatley et al. 2004a , 2004b . To assay for possible SSC enrichment, MACS-isolated THY1C cells from prepubertal bull testes and corresponding unselected total testis cell populations were labeled with a fluorescent membrane linker dye and microinjected into seminiferous tubules of immunodeficient recipient mice. The number of fluorescently labeled bovine germ cell colonies was then evaluated in dispersed seminiferous tubules 4 weeks later. Regardless of the cell suspension, fluorescent colonies of bovine germ cells were observed in testes of recipient mice (Fig. 6 ). Colonies consisting of cohorts of greater than four cells extending along the periphery of seminiferous tubules were readily identified for transplanted THY1C cells indicating migration from the lumen to the basement membrane and proliferation ( Fig. 6A and B) . Colonies generated from unselected cells were generally smaller consisting of groups of cells along the periphery of tubules ( Fig. 6C and D) . Quantification of the colonies revealed that THY1C cells generated a significantly (PZ0.009) greater number of colonies compared to the unselected total testis cell population (Fig. 6E) . Overall, the THY1C cells generated greater than sixfold (94.0/14.4 colonies/10 5 cells transplanted; nZ3 replicate experiments) more colonies than the unselected total testis cell population. These results demonstrate that the MACS-isolated THY1C cell fraction from pre-pubertal bull testes is enriched for cells capable of colonization following transplantation into recipient seminiferous tubules compared to the unselected total testis cell population suggesting enrichment for SSC content (Fig. 6 ).
Discussion
Defining spermatogonial populations expands the knowledge of male fertility and aids in developing technologies to enhance reproductive efficiency. Use of markers to study the rare SSCs and other undifferentiated spermatogonial sub-types is a critical tool for making novel discoveries. Previous studies in rodents and nonhuman primates showed that PLZF is a molecular marker of the undifferentiated spermatogonial population that includes SSCs (Buaas et al. 2004 , Costoya et al. 2004 ), but expression of this molecule has yet to be explored in bulls. UCHL1, also referred to as PGP9.5, is an established marker of porcine and bovine type A spermatogonia (Herrid et al. 2007) . In this study, we investigated PLZF expression in relation to UCHL1-expressing cells to determine whether PLZF could serve as a marker of undifferentiated spermatogonia in bulls. Consistent with the pattern of expression previously observed for mice (Buaas et al. 2004 , Costoya et al. 2004 , Payne & Braun 2006 , Takubo et al. 2008 , Luo et al. 2009 ), PLZF expression was observed in the nucleus of spermatogonia but was also seen in the cytoplasm of some spermatogonia. This heterogeneity of PLZF localization may be a unique expression pattern in the bull and other livestock and could be reflective of spermatogonia in different stages of the development or proliferation. Quantitative analyses indicate that PLZF-expressing cells are a sub-population of type A spermatogonia within the more abundant UCHL1C population of pre-pubertal bull testes. This finding suggests that UCHL1 is expressed by a majority of type A spermatogonia in pre-pubertal bulls, whereas PLZF is expressed by a sub-population of spermatogonia and could be more restricted to SSCs. Thus, similar to rodents, PLZF is an effective marker for studying the undifferentiated spermatogonial population in bulls.
Results of the present study demonstrate that selection of THY1C cells yields a cell fraction enriched for undifferentiated spermatogonia from testes of prepubertal bulls. The MACS-isolated THY1C cell fraction was found to be composed mostly (O60%) of PLZFC spermatogonia. Surprisingly, the unselected total testis cell population in pre-pubertal bulls contained a higher than expected percentage of PLZFC cells (i.e. w20%), which was likely due to processing of the samples because initial collagenase digestion was conducted to reduce interstitial cells and enrich for cells within seminiferous tubules. Regardless, selection of THY1C cells resulted in nearly threefold enrichment of PLZFC cells. In accordance with greater PLZFC germ cell content, xenogeneic transplantation assays showed that the THY1C fractions are enriched for germ cells capable of colonization which is indicative of SSC activity.
Collectively, these results demonstrate that THY1 is a conserved surface marker of undifferentiated spermatogonia and likely SSCs in the bull. Importantly, selection of THY1C cells from testes of rodents and non-human primates also results in enrichment of these cells (Kubota et al. 2003 , Ryu et al. 2004 , Hermann et al. 2009 ). Moreover, expression of BCL6B is enriched in the THY1C germ cell fraction from testes of both bulls and mice. Thus, expression of THY1 is a common phenotype of SSCs in several mammalian species and it is also likely conserved in other livestock. In addition to THY1, other cell surface markers of undifferentiated spermatogonia have been identified in rodents including a6-integrin (Shinohara et al. 1999 (Shinohara et al. , 2000 , GFRA1 (GFRa1; Meng et al. 2000 , Buageaw et al. 2005 , Ebata et al. 2005 , Hofmann et al. 2005 , Gassei et al. 2009 ), and CD9 (Kanatsu-Shinohara et al. 2004 . Transplantation analyses showed that in adult mouse testes, the a6-integrinC and CD9C cell fractions are enriched approximately sevenfold and eightfold for SSCs respectively (Shinohara et al. 1999 , KanatsuShinohara et al. 2004 . In pre-pubertal mouse pups, the GFRA1C cell fraction is enriched approximately twofold for SSCs (Buageaw et al. 2005 , Ebata et al. 2005 ; however, this phenotype is not retained in adult mouse testes in which the GFRA1C cell population is actually depleted of SSCs (Ebata et al. 2005 , Grisanti et al. 2009 ). SSC content of the a6-integrin-and CD9-expressing cell fractions of pre-pubertal mouse pups has not been reported. In comparison, the THY1C cell fraction is enriched 5-and 30-fold in pre-pubertal and adult mouse testes respectively . Thus, of the identified cell surface markers of the heterogeneous undifferentiated spermatogonial population in rodent testes, functional transplantation studies have shown THY1 to be the most specific marker of SSCs (Oatley & Brinster 2008) . Expression of a6-integrin, GFRA1, and CD9 in the bull testis has not been reported, but results of the current study show that THY1 is a conserved marker of undifferentiated spermatogonia in the pre-pubertal bull testis.
Development of reproductive tools utilizing SSCs (e.g. long-term culture and transplantation) relies on isolation of these rare cells. Use of THY1 as a marker for bovine SSCs will aid in progressing the development of these tools in cattle. Maintaining bovine SSCs in culture could provide a means for immortalizing the germline of genetically superior sires. Transplantation of SSCs has the potential to provide an alternative-assisted reproductive technique in the beef cattle industry, where the use of artificial insemination (AI) has been limited due to impracticality. Isolation of SSCs from a genetically desirable donor bull followed by transplantation into a battery of recipient bulls that subsequently produce donor sperm and are used for natural breeding could provide a novel means to expand the utilization of specific genetics within commercial cattle populations. Both of these tools have the potential to increase efficiency of cattle production; thus, decreasing wastes, costs, and environmental impacts of producing food and fiber for human consumption. Additionally, these tools could provide a novel avenue for genetic modification of the male germline and subsequent generation of transgenic livestock with favorable traits such as disease resistance and production of meat or milk containing components beneficial for human consumption. The current study provides a crucial first step in achieving these goals by establishing a means for isolating a cell fraction that is enriched for undifferentiated spermatogonia from bull testes.
The advancement of reproductive tools based on SSCs is at the forefront of development in livestock. In rodents, progression of techniques for isolation, culture, and transplantation of SSCs spanned greater than a decade of research. The first successful transplantation of SSCs was reported by pioneering work of Brinster & Avarbock (1994) and Brinster & Zimmermann (1994) . Cryopreservation of mouse SSCs was first reported 2 years later by Avarbock et al. (1996) , and initial evidence that mouse SSCs could be maintained for long periods of time in vitro was reported 2 years after that by Nagano et al. (1998) . Shinohara et al. (1999) reported the first cell surface markers of mouse SSCs. Nagano et al. (2001) reported the production of transgenic mice after transplantation of genetically modified SSCs into testes of infertile recipients. Two years later, Kubota et al. (2003) discovered that the cell surface marker THY1 could be used to isolate an enriched population of SSCs from mouse testes. Presently, THY1 isolation continues to yield the greatest enrichment of SSCs from the mouse testis (Oatley & Brinster 2008) . Also, Kanatsu-Shinohara et al. (2003) reported the long-term culture of gonocytes from mouse testes. Kubota et al. (2004) reported conditions for long-term maintenance of mouse SSCs in vitro, with similar methodology being identified for rats 1 year later (Ryu et al. 2005) . Here, we describe a means to isolate an enriched population of undifferentiated spermatogonia from the pre-pubertal bull testis based on THY1 expression. This achievement is a crucial advancement for furthering the development of SSC applications in bulls. Based on the timeline of developments in rodents, major advances in culturing and transplanting bovine SSCs should be made in the coming decade.
Materials and Methods

Magnetic activated cell sorting of THY1C testis cells
All animal procedures were approved by the Pennsylvania State University Institutional Animal Care and Use Committee. Single cell suspensions of testis cells were collected from 12-to 14-week-old Holstein bull calves by two-step enzymatic digestion. At these ages, gonocytes and undifferentiated spermatogonia are the only germ cell types present and can be referred to as the primitive spermatogonial population. Thus, the testis cell population at this age is optimal for studying characteristics of SSCs. Approximately, 200-300 mg of testis tissue was incubated in collagenase solution (1 mg/ml collagenase type 4; Worthington Biochemical Corporation; Lakewood, NJ, USA and 7 mg/ml DNase I, Sigma Inc.) at 37 8C for 30 min with agitation every 2 min. Seminiferous tubule fragments were then allowed to settle on ice and washed 3! with Hank's balanced salt solution to remove interstitial cells. Single cell suspensions of tubules were then created by incubation in trypsin-EDTA solution (0.25% trypsin/2.21 mM EDTA; Cellgro Mediatech Inc., Manassas, VA, USA) containing DNase I (7 mg/ml) for 5 min at 37 8C. Cells were then passed through a 40 mm cell strainer (BD Biosciences, Durham, NC, USA) to remove clumps and pelletted by centrifugation at 600 g for 7 min. Cells were then resuspended in DPBS-S (PBS with 1% FBS, 10 mM HEPES, 1!10 4 U/ml penicillin, 1!10 4 mg/ml streptomycin, 1 mM sodium pyruvate, and 1 mg/ml glucose), and cell concentration was determined using a hemocytometer with trypan blue exclusion to identify live cells. Aliquots of 1!10 7 cells were incubated with mouse antihuman THY1 antibody (1:10; Abcam, Cambridge, MA, USA) for 20 min at 4 8C. Cells were then washed 2! with DPBS-S by centrifugation at 600 g for 7 min, followed by incubation with biotinylated goat anti-mouse antibody (1:100; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 4 8C for 20 min. Cells were again washed 2! in DPBS-S with centrifugation and then incubated with strepavidin-conjugated antibody to magnetic microbeads (1:10; Miltenyi Biotec, Auburn, CA, USA) for 20 min on ice. Cells were subjected to another two washes in DPBS-S using centrifugation, and THY1C cells were collected by MACS (Miltenyi Biotec). Typical yields of 2-4!10 5 THY1C cells were isolated from 200 to 300 mg of testis tissue. For comparison, single cell suspensions not subjected to THY1 MACS isolation (referred to as unselected total testis cell populations) were collected from identical tissue used for THY1C cell isolation.
Flow cytometric analyses of THY1-expressing cells
The percentage of cells in pre-pubertal bull testes that express THY1 was evaluated using FCA. Single cell suspensions of bovine testicular tissue were collected as described above and incubated with mouse anti-human THY1 (1:100; Abcam) primary antibody. Secondary detection involved incubation with Alexa 488-conjugated donkey anti-mouse IgG (1:1000; R&D Systems, Emeryville, CA, USA) antibody. The percentage of THY1-expressing cells was determined using a Guava EasyCyte Plus flow cytometer (Millipore Corporation, Billerica, Immunohistochemical analysis of THY1-expressing cells within seminiferous tubules of pre-pubertal bulls
Testis samples were collected from 12-to 14-week-old Holstein bull calves, fixed in Bouin's solution, dehydrated, and embedded in paraffin, and 5 mm cross sections were adhered to glass slides. After deparaffinization and rehydration, sections were blocked for endogenous biotin with a biotinblocking kit (Invitrogen). Sections were then blocked for non-specific antibody binding by incubation with 10% normal goat serum in PBS for 1 h followed by incubation with mouse anti-human THY1 (1:50; Abcam) primary antibody at 4 8C overnight. Negative controls were cross sections incubated with normal mouse IgG (1:50; Santa Cruz Biotechnology) in place of primary antibody. On the next day, sections were washed 3! in PBS followed by incubation with biotinylated goat anti-mouse IgG (1:200; Santa Cruz Biotechnology) secondary antibody for 2 h at room temperature. Sections were again washed 3! in PBS and incubated with an avidin-HRP conjugate (Vectastain Universal Elite ABC Kit; Vector Laboratories, Burlingame, CA, USA) for 10 min and washed 3! in PBS. Cross sections were then incubated in a 3,3 0 -diaminobenzidine (DAB) substrate to develop peroxidase activity (DAB Substrate Kit; Vector Laboratories) followed by washing 3! with distilled water and counterstaining with hematoxylin. Sections were then washed with tap water and mounted with glycerol vinyl alcohol (GVA) compound (Invitrogen). All samples were viewed using bright field microscopy, and digital images were captured with an Olympus DP71 microscope camera (Olympus America Inc., Center Valley, PA, USA).
Immunofluorescence analyses of PLZF-and UCHL1-expressing cells
Expression of PLZF and UCHL1 was localized in cross sections of pre-pubertal bull testes using immunofluorescence analyses. Testis samples were collected from 12-to 14-weekold Holstein bull calves, fixed in Bouin's solution, dehydrated, and embedded in paraffin, and 5 mm cross sections were adhered to glass slides. After deparaffinization and rehydration, antigen retrieval was achieved by boiling in citrate buffer (10 mM citric acid and 0.05% Tween-20) for 20 min. Sections were then blocked for non-specific antibody binding by incubation with 10% normal goat serum in PBS for 1 h. Tissues were then incubated with goat anti-human PLZF (1:50; Santa Cruz Biotechnology) and/or rabbit anti-human UCHL1 (1:500; Abcam) primary antibodies at 4 8C overnight. Controls were cross sections incubated with normal goat IgG (1:50; Santa Cruz Biotechnology) or normal rabbit IgG (1:500; Santa Cruz Biotechnology) in place of primary antibodies at 4 8C overnight. On the next day, sections were washed 3! in PBS followed by incubation with Alexa 488-conjugated donkey anti-goat IgG (1:1000; Invitrogen Inc.) or Alexa 546-conjugated donkey anti-rabbit IgG (1:1000; Invitrogen Inc.) for 2 h at room temperature. Sections were again washed 3! in PBS and counterstained with DAPI to label cell nuclei. Sections were then examined using fluorescent microscopy (Axioskop 2 Plus, Zeiss Inc., Thornwood, NY, USA), and digital images were captured with an Olympus DP71 microscope camera (Olympus America Inc). For each replicate testis sample (nZ3 different bulls), the number of PLZFC and/or UCHL1C cells within each round seminiferous tubule of five random fields of view was counted. The total number of round tubules within each field was also counted to determine the average number of PLZFC and/or UCHL1C cells per seminiferous tubule. In total, 40 round tubules were examined from three replicate samples.
Quantitative RT-PCR analyses of ZBTB16 (PLZF) and BCL6B gene expression
Expression of specific genes of interest by MACS-isolated THY1C testis cells and unselected total testis cell populations was examined using qRT-PCR analyses. RNA was isolated using TRIzol reagent (Sigma Inc.) followed by treatment with DNase I (DNA-free kit; Ambion, Austin, TX, USA) to remove possible contaminating genomic DNA. RNA concentration in each sample was measured by spectrophotometry (Nano Drop-1000, Nano Drop Technologies Inc., Wilmington, DE, USA), and 260/280 ratios were calculated to determine RNA purity. For each sample, 500 ng of RNA was reverse transcribed using oligo d(T) priming and M-MLV RT (Superscript III first strand synthesis kit; Invitrogen Inc). Quality of resulting cDNAs was determined by conventional PCR analyses for expression of glyceraldhehyde 3-phosphate dehydrogenase (GAPDH). Primers for ZBTB16, B-cell CLL/lymphoma 6, member B (BCL6B), and ribosomal protein S2 (RPS2) were designed using Primer Express 3 software (Applied Biosystems, Foster City, CA, USA) and are reported in Table 1 . Relative expression levels of ZBTB16 and BCL6B were then determined by qRT-PCR analyses with SYBR green assays (Invitrogen Inc.) and a 7500 Fast Sequence Detection System (Applied Biosystems). To make comparisons between MACS-isolated THY1C and unselected total testis cell populations, the level of expression for each gene of interest in each sample was normalized to that of the constitutively active gene RPS2 as described previously (Oatley et al. 2006 (Oatley et al. , 2007 . Immunocytochemical analyses for PLZF-and VASA-expressing testis cells
Immunocytochemical staining was conducted to determine the percentage of PLZFC and VASAC spermatogonia in MACSisolated THY1C testis cell fractions and unselected total testis cell populations. Isolated THY1C and unselected total testis cells were adhered to glass cover slips followed by fixation in 4% paraformaldehyde for 10 min at room temperature. Non-specific antibody binding was blocked by incubating cells in 10% normal donkey or normal goat serum for 1 h at room temperature. Cells were then incubated with goat antihuman PLZF antibody (1:100; Santa Cruz Biotechnology Inc.) or rabbit anti-human VASA (1:100; Abcam) in PBS with 0.05% BSA and 0.1% Triton X-100 at 4 8C overnight. On the next day, cells were washed 3! with PBS and incubated with Alexa 488-conjugated donkey anti-goat or goat anti-rabbit IgG (1:1000; Invitrogen Inc.) for 2 h. Cells were again washed 3! with PBS and incubated with DAPI for 3 min to stain cell nuclei. Cover slips were then visualized by fluorescent microscopy at 20! magnification. For each replicate sample, the total number of DAPI-stained nuclei in five random fields of view was counted. The number of PLZFC and VASAC cells was also counted in each field, and the average percentage of PLZFC and VASAC cells were determined by dividing the number of DAPI-stained nuclei in each field by the number of PLZFC or VASAC cells. For each analysis, O150 cells were evaluated.
Xenogeneic transplantation of bull testis cells and analysis of colonization
Xenogeneic transplantation assays were conducted to compare SSC content of MACS-isolated THY1C cells to unselected total testis cell populations of pre-pubertal bull testes as described previously (Oatley et al. 2004a (Oatley et al. , 2004b . Briefly, recipient NCr Swiss nude mice (Taconic, Germantown, NY, USA) were treated with busulfan (33 mg/kg of body weight) 6 weeks prior to transplantation to deplete endogenous spermatogenesis. Following enzymatic digestion and MACS isolation, THY1C and unselected total testis cell populations were resuspended in PBS and labeled with PKH26 red fluorescent cell linker dye following the manufacturer's instructions (Sigma Inc). PKH26 stably incorporates as a fluorescent molecule into lipid regions of the cell membrane and is retained for several rounds of proliferation. Cells were then washed 5! in DPBS-S by centrifugation at 600 g for 7 min to remove residual dye. For each sample, cells were resuspended in DPBS-S at a concentration of 3!10 6 cells/ml, and 3-7 ml of cell suspension (i.e. 3-7!10 4 cells) was microinjected into the seminiferous tubules of each recipient testis. Three recipient mice (i.e. six testes) were transplanted with each replicate cell suspension, and three replicate experiments were performed totaling 9 mice and 18 testes that were transplanted with MACS-isolated THY1C testis cells or unselected total testis cell populations. Recipient mice were euthanized 4 weeks after transplantation, and testes were recovered and incubated with collagenase (type 4, 1 mg/ml) and DNase I (7 mg/ml) to separate seminiferous tubules followed by washing 3! in DPBS-S. Seminiferous tubules were then suspended in a small volume of DPBS-S, spread on 10 cm dishes, and analyzed for colonization of bovine testicular cells using a fluorescent stereomicroscope equipped with a TRITC filter set (Olympus SZX10). The number of fluorescently labeled colonies of bovine cells was counted for each recipient testis, and digital images were captured with a DP71 microscope imaging system. To make quantitative comparisons between MACS-isolated THY1C testis cells and unselected total testis cell populations, the number of colonies generated by each sample was normalized to 1!10 5 cells microinjected into recipient mouse testes.
Statistical analyses
Data were analyzed using the General Linear Model or mixed model function of SPSS statistical software (Chicago, IL, USA). Differences between means were determined using a univariate ANOVA in conjunction with Tukey-Kramer multiple comparisons test. Data were considered significantly different at P%0.05.
Declaration of interest Funding
This work was supported by the United States Department of Agriculture (grant number 2008-35203-19073 
